An experimental investigation has been conducted to identify the effects of pressure gradient and surface roughness on turbulent boundary layers. In Part II, smooth-and rough-surface turbulent boundary layers with and without adverse pressure gradient (APG) are presented at a fixed Reynolds number (based on the length of flat plate) of 900,000. Flat-plate boundary layer measurements have been conducted using a singlesensor, hot-wire probe. For smooth surfaces, compared to the zero pressure gradient (ZPG) boundary layer, the APG boundary layer has a higher mean velocity defect throughout the boundary layer and lower friction coefficient. APG decreases the streamwise normal Reynolds stress for y less than 0.4 times the boundary layer thickness and increases it slightly in the outer region. For rough surfaces, APG reduces the roughness effects of increasing the mean velocity defect and normal Reynolds stress for y less than 23 and 28 times the average roughness height, respectively. Consistently, for the same roughness, APG decreases the integrated streamwise turbulent kinetic energy. APG also decreases the roughness effect on the friction coefficient, roughness Reynolds number, and roughness shift. Compared to the ZPG boundary layers, the roughness effects on integral boundary layer parameters-boundary layer thickness and momentum thickness-are weaker under APG. Thus, contrary to the favorable pressure gradient (FPG) in part I, APG reduces the roughness effects on turbulent boundary layers.
Introduction
As efficiency becomes ever more important in turbomachinery, surface qualities of compressor and turbine blades have increasingly gained attention [1] . An increase in surface roughness can induce severe aerodynamic performance degradation. Back et al. [2] found that the mass-averaged loss and deviation of a compressor cascade can increase as k s /C increases from 0.0006 to 0.00425. The roughness-induced loss was mainly due to the increased loss in the turbulent boundary layer and earlier transition under APG. In turbomachinery studies, among many pressure gradient parameters, acceleration parameter (K) is commonly used, and it varies with blade design and Reynolds number. According to Mayle [3] , for a controlled-diffusion compressor airfoil with Re c ¼ 300,000, K ranged from À2:0 Â 10 À6 to 0 on suction surfaces and was "inversely proportional" to Re c .
A number of studies have been conducted to identify the APG effects on smooth-surface turbulent boundary layers on flat plates. Spalart and Watmuff [4] conducted experiments and direct numerical simulation (DNS) studies of nonequilibrium turbulent boundary layers under an APG. With APG, the growth rates of displacement (d Ã ) and momentum thickness (h) increased with increasing x. In addition, as x increased, the shape factor (H) also was increased, and the friction coefficient (C f ) was decreased with increasing x. Krogstad and Skare [5] conducted an experimental investigation of equilibrium turbulent boundary layers with a strong APG (b ¼ 20). Unlike the ZPG boundary layers with only one peak near y/d ¼ 0.03, APG boundary layers had two-"inner" and "second"-peaks in the turbulent production profiles, and the "second" peak existed at y/d ¼ 0.45. The C f under APG was smaller than that under ZPG. Nagano et al. [6] measured nonequilibrium, APG turbulent boundary layers with P þ ¼ 0 $ 2:87 Â 10 À2 (b ¼ 0 $ 5.32). For y/d < 0.4, hu 0 i/U 0 decreased as P þ increased. At y/d ¼ 0.03, compared to the ZPG boundary layer, the fluctuating velocity component changed more slowly with time under APG, indicating APG reduced turbulent energy production. Recently, Lee and Sung [7] conducted a DNS investigation of APG turbulent boundary layers. They showed that APG enhanced vorticity fluctuations (x 0 x , x 0 y , and x 0 z ) for y/d > 0.2 but decreased them for y/d < 0.2. For the mean velocity distribution, both Nagano et al. [6] and Lee and Sung [7] found a downward shift (Du þ ) of the mean velocity profiles in the logarithmic layer.
A few studies investigated the combined effects of the APG and surface roughness. Perry and Joubert [8] provided the first measurements of rough-surface APG turbulent boundary layers. Two-dimensional square bars with a pitch to height ratio (p/k) of 4 were used. Similar to the rough-surface ZPG boundary layer data of Moore [9] , the roughness shifts (Du=u s ) for rough-surface APG boundary layers were linearly proportional to the normalized roughness height (k þ ). Bons and McClain [10] performed heat transfer and boundary layer measurements for a rough patch with "real" turbine surface roughness at Re x % 900,000. Effects of surface roughness and APG (K Â 10 6 ¼ À0.225) manifested themselves in the Stanton number, momentum thickness, and turbulent kinetic energy flux (q). Compared to the ZPG boundary layer, the rough patch effect on the momentum thickness was reduced by 49.2% under APG. Thus, APG reduced the roughness effect of increasing h.
Detailed boundary layer measurements of three-dimensional, distributed roughness under APG were conducted by Pailhas et al. [11] and Tay et al. [12] . Pailhas et al. [11] performed turbulent boundary layer measurements with two rough surfaces (k ¼ 500 lm and 600 lm) and two different types of APG. C f for the rough-surface APG boundary layers were higher than those for smooth-surface APG boundary layers. However, for the same roughness, C f decreased with increasing APG. Also, the roughness Reynolds numbers k þ s , inferred from the measured Du þ and a correlation of Nikuradse (Pailhas et al. [11] ), were smaller under APG than under ZPG.
Tay et al. [12] conducted turbulent flow measurements using particle image velocimetry in a diverging channel section (K Â 10 6 ¼ À0.435 $ À0.922). Both APG and surface roughness increased d, d
Ã , h, and mean velocity defect (1 À u=U 1 ). At y/d ¼ 0.2, APG increased the mean velocity defect slightly more in the rough-surface boundary layer than in the smooth-surface boundary layer. For rough surfaces, C f and k þ s increased significantly in the stronger APG region. Also, APG increased the Reynolds stress more in the rough-surface boundary layers than in smooth-surface boundary layers. Thus, they concluded that the effect of APG and roughness may "augment one another".
Despite such research, the effects of APG on the mean and turbulence structure of rough-surface turbulent boundary layers and their physical mechanism are still unclear. First, for rough surfaces, the APG effects on turbulence structures at the roughness scale k r are unknown. Only Tay et al. [12] reported on the APG effects on turbulence structures of rough-surface boundary layers in channel flows for varying y/d. Second, there is a divergence of opinion on the combined effects of roughness and APG. Pailhas et al. [11] showed that APG decreased C f and k þ s in the rough-surface cases, and Bons et al. [10] found that APG decreased the roughness effect on h. However, contrary to Pailhas et al. [11] , Tay et al. [12] showed that APG increased C f for rough surfaces. Third, there is still lack of information about the individual and combined effects of APG and roughness on the friction coefficient and integral boundary layer parameters-d, d
Ã , and h-at low Reynolds numbers (Re h < 5000 and 100,000 < Re x < 1,000,000) commonly found in turbomachinery [13] [14] [15] . Fourth, the APG effect on the integrated streamwise turbulent kinetic energy (TKE) in boundary layers has not yet been investigated for either smooth or rough surfaces. Finally, a systematic comparison of the APG and FPG effects on turbulence structure is scarce for either smooth or rough surfaces.
Therefore, the present study investigates the individual and combined effects of APG and surface roughness on turbulent boundary layers to provide a fundamental understanding of such effects. The specific research questions are as follows:
(1) For rough surfaces, how does APG change the mean velocity defect ( Experimental Setup
Test Facility. The boundary layer measurements have been conducted using a subsonic wind tunnel at Seoul National University. A detailed description of the wind tunnel, test facility, and roughness configuration can be found in part I of this paper. To achieve adverse pressure gradients, the pressure gradient adjuster wall has been rotated as shown in Fig. 1 . Turbulent boundary layers with a freestream turbulence intensity of 0.7% $ 0.8% have been achieved with the test setup.
Test Matrix. Table 1 shows magnitudes of roughness, pressure gradient, and Reynolds numbers for the four test cases in the present study. The smooth-surface ZPG case (Case 1) and roughsurface ZPG case (Case 3) are the same data introduced in part I. To investigate the combined effects of roughness and APG, measurements of the smooth-surface APG boundary layers (Case 2) and rough-surface APG boundary layers (Case 4) have been conducted.
Roughness Reynolds number (k þ s ) is calculated from the downward shift (Du þ ) of mean velocity profiles as described Eq. (2) of part I. The friction coefficient and friction velocity have been inferred from the slope of the mean velocity profile using the Clauser chart method. To compare the APG strength with previous research [4] [5] [6] [7] , b is also calculated from the measured K using the Bernoulli equation (Eq. (1)) and is listed in Table 1 .
The b value ranges between 0.13 and 0.44, corresponding to "weak APG". Figure 2 shows the normalized local freestream velocity (U 1 =U 0 ) distribution for all of the test cases. Freestream velocities for the rough-surface APG case are adjusted to achieve the similar velocity distribution with the smooth-surface APG case. For all of the test cases, the Reynolds number based on length of the flat plate and freestream velocity at the flat plate leading edge (Re L ) is identical (Re L ¼ 900,000) to the FPG cases in part I. Mean and fluctuating velocities have been measured at nine measuring stations (S1 $ S9) for each test case. Table 2 shows the dimensionless location x/L of each measuring station. For the boundary layer measurements, Dantec Dynamics' 55p15 boundary layer type hot-wire probe and constant temperature anemometry have been used. The velocity measurements have been made at 50 $ 150 different wall-normal positions. With a 95% confidence interval, the uncertainty of the mean velocity measurement is 0.3%. A detailed discussion about the data accuracy is presented in part I. The instrumentation used in the present study is listed in Table 3 .
Results and Discussion
Smooth-surface APG data are first compared with smoothsurface ZPG data. Next, the combined effects of APG and roughness are discussed. To identify the combined effects, the roughness effects on the APG boundary layers are compared with those on the ZPG boundary layers. Finally, the APG and FPG effects are compared to clarify the influence of each pressure gradient on smooth-and rough-surface boundary layers. All of the mean velocity and turbulence profiles illustrated in the paper have been measured at x/L ¼ 0.79 (S8).
Adverse Pressure Gradient (APG) Effects for Smooth Surfaces. Figure 3 shows the APG effect on the mean velocity profile for smooth flat plates. For all of the figures, circular symbols represent the smooth-surface ZPG data and square symbols represent the smooth-surface APG data. In Fig. 3(a) , APG increases the mean velocity defect (1 À u=U 1 ) throughout the boundary layer. The decreased mean velocity near the surface leads to reduced velocity gradient (du=dy) and wall shear stress (s w ). Consequently, the friction velocity (u s ) is reduced by the APG. In part I, FPG decreased velocity defect and increased s w and u s for smooth-surface boundary layers. Thus, APG and FPG have contrasting influence on s w and u s . Figure 3(b) shows the smooth-surface mean velocity profiles in the inner coordinate. The velocity profile in the APG boundary layer agrees well with the smooth-surface ZPG boundary layer in the logarithmic (30 < y þ < 300) and buffer (7 < y þ < 30) layers. Though there is a quantitative difference, the mean velocity profiles in the smoothsurface ZPG and APG boundary layers represent a conventional viscous sublayer (u þ ¼ y þ ) for y þ < 7. Nagano et al. [6] and Lee and Sung [7] showed that a sufficiently large (b ! 0.73) APG may shift the mean velocity profile downward in the logarithmic region. Due to the weak APG in the present study (b ¼ 0.28 $ 0.44, corresponding to K Â10 6 ¼ À0.14 $ À0.22), the downward shift is not discernible. However, APG widens the wake region (y þ > 300), corresponding to y/d > 0.3. The velocity profile in the wake region can be expressed using the wake parameter (P) proposed by Coles [16] (Eq. (2)). In the present study, P is determined at y ¼ d with x(y/d) 1 À cos(py/d). The estimated P in the smooth-surface ZPG boundary layer is 0.57, showing good agreement with conventional value of P ¼ 0.55. In the APG boundary layer, P is 0.81 ( Fig. 3(b) ), as expected for turbulent boundary layers under APG. , indicating that turbulence production is reduced in the region. As shown by Lee and Sung [7] , the redistribution of the u 0 u 0 is strongly related to the vorticity distribution. They inferred that APG emancipated the near wall vortices and turbulence from the inner region (y/d < 0.2) and transported them to the outer region. In part I, contrary to the APG, FPG increases u 0 u 0 /U 2 0 for y/d < 0.6. Thus, for y/d < 0.4, APG decreases turbulence production and FPG increases it. Figure 5 shows the friction coefficient (C f ) distributions of smooth-surface ZPG and smooth-surface APG boundary layers. The correlation curve proposed by Osaka et al. [17] for the smooth-surface ZPG boundary layer and the smooth-surface APG data from Tay et al. [12] are also shown. Friction coefficients in the present smooth-surface APG boundary layers and Tay et al. [12] are lower than those of the present smooth-surface ZPG boundary layer and Osaka's correlation. Thus, APG decreases C f . APG Effects for Rough Surfaces. In this section, roughness effects in the APG boundary layers are compared to those in the ZPG boundary layers. Again, circles represent the ZPG boundary layers and squares represent APG boundary layers. For each pressure gradient, white symbols represent the smooth surface and black symbols the rough surface. A detailed description of the rough-surface ZPG boundary layer is given in part I. Figure 6 shows the APG and roughness effects on the mean velocity defects versus the normalized wall normal distance y/k r . Compared to the smooth-surface APG boundary layer, roughsurface APG boundary layer has higher mean velocity defects throughout. Thus, as in the ZPG boundary layer, roughness in the APG boundary layer increases the mean velocity defect. However, such roughness effect is weaker under APG than under ZPG for y/k r < 23. The maximum difference is found near the peaks of roughness elements (y/k r ¼ 2). On the contrary, the roughness effect is stronger under APG than under ZPG for y/k r > 23. Thus, APG decreases the roughness effect (of increasing mean velocity defect) near the surface but increases the roughness effect in the outer region.
The reason for such APG effects can be found in the streamwise turbulence distribution. Figure 7 shows the normalized normal Reynolds stress u 0 u 0 /U 2 0 distribution versus y/k r . Compared to the rough-surface ZPG boundary layer, rough-surface APG boundary layer has lower u 0 u 0 /U 2 0 for y/k r < 28. Thus, APG decreases roughness effect on turbulence production in the rough-surface boundary layer near the surface. However, compared to that in the rough-surface ZPG boundary layer, u 0 u 0 /U 2 0 in the rough-surface APG boundary layer decreases more slowly from its maximum. Consequently, relative to ZPG, APG increases u 0 u 0 /U 2 0 for y/k r > 28. Similar trends are found at all measurement locations, and the APG effects on turbulence production become stronger with increasing Re h . Figure 7 suggests that the vortices and shearing motions, which are correlated with the strong turbulence in the rough-surface boundary layer, are weakened near the surface and strengthened in the outer region by APG. With FPG, vortices are strengthened near the surface due to the increased k r /d and du=dy and the vortices are confined to the near-surface region, increasing in the near-surface turbulence. On the contrary, APG decreases k r /d and du=dy. Thus, APG weakens the strengths of the horseshoe vortices from the roughness elements and reduces turbulence energy. In addition, the enhanced outward vortex convection by APG contributes to the decreased turbulence for y/k r < 28 as well as the increased turbulence for y/k r > 28.
To confirm the APG effect of decreasing turbulence kinetic energy generation in the rough-surface boundary layers, integrated streamwise turbulent kinetic energy (TKE) has been calculated from the u 0 u 0 /U 2 0 profiles. Table 4 shows the APG effect on the TKE generation between S1 and S9. APG in the rough-surface boundary layer decreases the TKE generation more than APG in the smooth-surface boundary layer. Figure 8 shows the APG effect on the friction coefficient for rough surfaces. Relative to the rough-surface ZPG boundary layer, the friction coefficient is decreased in the rough-surface APG boundary layer because APG reduces the strengths of vortices and associated shear. As Re h increases, the friction coefficient decreases more rapidly in the rough-surface APG boundary layer than in the rough-surface ZPG boundary layer. The reason is, with increasing Re h , the k r /d and du=dy decrease faster in the roughsurface APG boundary layer than in the rough-surface ZPG boundary layer. Figure 9 shows the mean velocity profiles scaled with inner variables. With a decreased C f , APG in the roughsurface boundary layer decreases the k þ s (Table 1) Figs. 10(a) and 10(b) , respectively. In the smooth-surface boundary layer, APG increases the growth rates of both parameters. The normalized momentum thickness growth per unit length ðh S9 À h S1 Þ/L is summarized in Table 5 . The roughness effect (defined as the relative difference in momentum thickness between the rough-surface boundary layer and smooth-surface boundary layer for a given pressure gradient) is greater under ZPG than under APG. Thus, the roughness effect on momentum thickness is weaker under APG than under ZPG.
The distribution of the ratio of displacement thickness and boundary layer thickness (d Ã =d) is shown in Fig. 11 . Physically, d
Ã =d refers to the location of vorticity center [4] relative to the boundary layer thickness, and thus, it directly reflects the APG and roughness effects on the vorticity distribution. Also, the parameter is widely used to scale the mean velocity profile [18] and skin friction coefficient [19] for rough-surface turbulent boundary layers with ZPG. In Fig. 11 , compared to the smoothsurface ZPG boundary layer, the smooth-surface APG boundary layer shows a slightly higher d Ã =d throughout the tested Re h range. Thus, APG moves the vorticity center away from the surface toward the outer part of the boundary layer. The same APG effect is also shown in the rough-surface boundary layers.
The shape factor (H) distributions for smooth and rough surfaces are shown in Fig. 12 . Regardless of the flow condition, APG increases H at all of the measuring stations due to the increased velocity defect near the surface. Thus, for both smooth and rough surfaces, boundary layers are more prone to separation under an APG.
Comparison of APG and FPG Effects on Rough-Surface Turbulent Boundary Layers. In summary, APG decreases the roughness effects on turbulent boundary layers. First, APG decreases the roughness effect of increasing mean velocity defect for y/k r < 23, and this result is contrary to the FPG effects in part I. The reason for such differences can be found in the u 0 u 0 /U 2 0 and TKE data. In Fig. 13 , the APG and FPG effects on u 0 u 0 /U 2 0 are shown for a rough surface. APG decreases u 0 u 0 /U 2 0 for y/k r < 28, while FPG increases u 0 u 0 /U 2 0 for y/k r < 25. APG decreases and FPG increases the TKE production rate for rough surfaces. Thus, APG decreases C f while FPG increases C f (Fig. 14) . APG decreases k þ s and Du þ and weakens roughness effects on integral boundary layer parameters. On the contrary, FPG increases k þ s and Du þ and strengthens roughness effects on integral boundary layer parameters. 
Conclusion
Experimental investigation of the individual and combined effects of the APG and surface roughness on the mean and fluctuating velocity profiles of turbulent boundary layers has been conducted. The following conclusions can be made: 
